A newly developed laboratory fluorescence imaging system was used to obtain fluorescence images (FImage) of freshly excised cucumber (Cucumis sativus L.) leaves in spectral bands centered in the blue (F450), green (F550), red (F680), and far-red (F730) spectral regions that resulted from a broad-band (300 -400 nm) excitation source centered at 360 nm. Means of relative fluorescence intensities (RFI) from these spectral fluorescence images were compared with spectral fluorescence emission data obtained from excitation wavelengths at 280 nm (280EX, 300 -550 nm) and 380 nm (380EX, 400 -800 nm) of dimethyl sulfoxide (DMSO) extracts from these leaves. All three fluorescence data types (FImage, 280EX, 380EX) were used to assess ultraviolet-B (UV-B, 280 -320 nm) induced physiological changes and the possible use of N-[2-(2-oxo-1-imidazolidinyl) ethyl]-N′-phenylurea (EDU or ethylenediurea) as a chemical protectant against UV-B damage. Plants exhibited well known foliar growth and pigment responses to UV-B exposure (e.g., increased UV-B absorbing compounds and decreased leaf area, chlorophyll a content; and and lower chlorophyll a/b and chlorophyll/carotenoid pigment ratios). Since EDU alone had no effect on foliar variables, there was no evidence that EDU afforded protection against UV-B. Instead, EDU augmented some UV-B effects when provided in conjunction with UV-B irradiation (e.g., reductions in the chlorophyll/carotenoid ratio, total photosynthetic pigments, and chlorophyll b content).
Introduction
Plants in their natural environment are often exposed to a variety of natural and anthropogenic stress conditions (Lichtenthaler 1990 , 1996 , Lang et al. 1991 , 1996 , Lichtenthaler and Rinderle 1988 ). An important environmental factor contributing to plant stress is ultraviolet-B (UV-B) radiation (280 -320 nm), which at higher than natural levels can adversely affect photosynthesis and other physiological processes (Bornman et al. 1994 , Strid et al. 1990 , Tevini 1993 , 1994 . In addition to stratospheric ozone depletion by chlorofluorocarbons over Earth's polar regions (Blumthaler and Ambach 1988) , ozone depletion and consequent increases in UV irradiation documented at mid-latitudes (Herman et al. 1996) could also potentially affect crop heartlands.
Under normal conditions, most of the solar energy absorbed by leaf pigments (chlorophylls and carotenoids) is used for photosynthesis and a small amount is released as infrared radiation (heat) and as red chlorophyll fluorescence. Under stress conditions, photosynthesis declines while heat emission and chlorophyll fluorescence increase considerably (Lichtenthaler 1996) . The use of chlorophyll fluorescence measurements for detection of physiological stresses in plants has been well documented (Larsson et al. 1998 , Lichtenthaler 1990 , 1996 , 1997 , Lichtenthaler and Rinderle 1988 , Snell and van Kooten 1990 . Variable fluorescence measurements have been used to assess the physiological effects of UV-B radiation on cucumber (Middleton et al. 1996) , snap bean (Agrawal et al. 1991) , sunflower Pfister 1985, Tevini et al. 1988) , and other species. The blue/far-red fluorescence ratio obtained from emissions of leaf extracts was previously identified as an indicator of general plant stress (Stober et al. 1994 ) and was subsequently successfully applied to the demonstration of UV-B induced stress (Subhash et al. 1995 , Middleton et al. 1996 . Middleton et al. (1996) also found that increases in the blue/far-red ratio induced by UV-B radiation were similar, whether obtained from leaf extracts or whole leaves, although the latter were more variable.
Plant tolerance to environmental stressors may be enhanced by applying plant growth regulators and antioxidants (Lee et al. 1992) . One chemical compound that has been found to induce cellular defense against ozone damage in a number of plant species is ethylenediurea (EDU : N-[2-(2-oxo-1-imidiazolidinyl) ethyl]-N′-phenylurea, Lee and Bennett 1985) . EDU has been shown to provide protection against foliar injury from ozone if applied as a foliar spray or through soil application (Carnahan et al. 1978 , Cathey and Heggestad 1982 , Kosta-Rick and Manning 1993 , Miller et al. 1994 . In a few studies, high concentrations of EDU have been reported as causing visible foliar injury and decreasing crop yield (Bennett et al. 1981 , Kosta-Rick and Manning 1993 , Miller et al. 1994 . The possible protective effects of EDU against UV-B radiation are unknown.
Recent development of a fluorescence imaging system affords a tool for securing rapid, non-destructive detection of stress effects in whole, freshly excised, intact leaves. In addition to the desirability of having whole leaf analysis capability, this imaging approach is pursued because of the potential to identify stress symptoms before the onset of visible injury (Kim et al. 1996 , 1996 , Lichtenthaler 1996 , 1997 . Sandhu et al. (1997) previously reported on the effectiveness of EDU to ameliorate UV damage. The present study mainly evaluates the usefulness of fluorescence emission spectra and fluorescence images for UV-B stress detection in a cultivar of cucumber previously found sensitive to UV-B radiation (Krizek 1978 , Adamse and Britz 1992 , Krizek et al. 1994 , Middleton et al. 1996 . Measurements of steady state fluorescence emission spectra of DMSO leaf extracts and fluorescence imagery of whole leaves were the primary tools used to assess treatment effects on plant growth and pigment production.
Materials and Methods

Plant culture and treatments
Cucumber (Cucumis sativus L.) cv. ‹Poinsett› was grown in 12.7-cm diameter plastic pots containing a peat-vermiculite mix (Jiffy Mix, Jiffy Products of America, West Chicago, IL, USA), and fertilized daily with a complete nutrient solution, as described by Silvius et al. (1978) . After four days, seedlings were thinned to one plant per pot. Plants were initially grown in a growth chamber containing high pressure sodium (HPS) and metal halide (MH) lamps (HPS/MH) for 10 days under the following conditions: day/night temperature, 27˚C; 50 % relative humidity; carbon dioxide (CO 2 ), 450 µmol mol 
Growth measurements and leaf injury
Measurements of relative leaf area (RLA, product of leaf length and leaf width) of the third leaf were made on day 11 (2 days after EDU application and prior to UV-B irradiation) and at 34 and 72 h thereafter to determine the effects of EDU and UV-B irradiation on leaf expansion. On day 14, visual damage of the third leaf was evaluated and absolute leaf area measurements were made (LICOR, Model LI -3000, Lincoln, NE, USA).
Fluorescence spectral images
After scoring the plants for UV-B injury on day 14, the third leaf was excised from each plant. A fluorescence imaging system (FIS) was used to acquire two-dimensional steady-state fluorescence images of whole leaves in four spectral bands centered at wavelengths in the blue (450 nm), green (550 nm), red (680 nm), and far-red (740 nm) regions, designated as F450 FImage , F550 FImage , F680 FImage , and F740 FImage , respectively (Fig. 1) . The band width at half peak maximum was 25 nm in the blue and green regions and 10 nm in the red and far-red regions . A broad-band (300 -400 nm) UV excitation source centered on 360 nm (UV-A fluorescent lamps, Model EA-180/12, Spectroline Inc., USA) was filtered with Schott UG-1 glass to eliminate any radiation over 400 nm. In addition to the excitation source, the FIS consists of a thermo-electrically cooled digital camera and optics [charge coupled device (CCD) camera, Lynxx-2, Spectra Source Instruments, Westlake Village, CA, USA], and a desktop computer interface for data storage and instrument control. Lamina of freshly excised whole leaves were placed horizontally on a platform (painted non-fluorescent flat black) with adaxial surfaces facing upward toward the CCD camera. Each image was comprised of four leaves, one from each treatment, arranged as shown in Figure 2 . Spectral means of RFI for major portions of the adaxial leaf surface were determined from the images. 
Fluorescence emission spectra
Immediately after fluorescence images were acquired, two leaf disks (1cm diameter each) were removed from the distal portion of the third leaf of each plant (near the leaf edge) for determination of fluorescence emission spectra and extraction of photosynthetic pigments, as described by Middleton et al. (1996) . The disks were extracted in 4 mL dimethyl sulfoxide (DMSO) and kept for 24 h in the dark. To prevent saturation of emission values, 20 µL of each DMSO leaf extract was diluted with DMSO and the total volume was brought to 4 mL in a quartz cuvette. A spectrofluorometer (Fluorolog II, SPEX Industries, Inc., Edison, NJ, USA) with two double monochrometers was used to collect steady-state fluorescence emission spectra from the leaf extracts.
Two emission spectra per sample were obtained with excitation wavelengths at 280 and 380 nm (designated as 280EX and 380EX, respectively). For 280EX, the emission wavelength range was 300 to 530 nm; for 380EX, the emission wavelength range was 400 to 800 nm. Emission spectra were obtained by fixing the excitation wavelength and recording the emission intensity while stepping from shorter to longer wavelengths in the spectral range. RFI from 380EX spectra were evaluated at these wavelengths: 420, 435, 450, 525, 675, and 730 nm, and are designated as F420 380EX , F435 380EX , F450 380EX , F525 380EX , F675 380EX , and F730 380EX , respectively. RFI from 280EX spectra were evaluated at these wavelengths: 315, 335, 420, 450, 475, and 525 nm, and are designated as F315 280EX , F335 280EX , F420 280EX , F450 280EX , F475 280EX , and F525 280EX , respectively.
Photosynthetic pigments and UV-B absorbing compounds
Samples of the pigment extracts were placed in a standard quartz cuvette and analyzed in a computerized dual beam spectrophotometer (Lambda 3B, UV/VIS, Perkin-Elmer, Norwalk, CN, USA), with a 1 nm resolution. The absorption spectra were scanned from 400 to 750 nm. Concentrations of photosynthetic pigments were calculated using equations described by Chappelle et al. (1992) and expressed on a per area basis ( µg cm -2 ).
An additional four leaf discs (1 cm diameter each) were removed from the distal portion of the designated leaf, and UV-B absorbing compounds were extracted in ethanol acidified with glacial acetic acid (ethanol : acetic acid; v : v, 99 : 1). The discs were boiled gently for 10 min in a water bath at 80˚C, and absorbances were read at 270, 300, and 330 nm using a UV-Visible Recording Spectrophotometer (UV-160A, Shimadzu, Columbia, MD, USA).
Statistical analyses
The experimental design was a 2 × 2 factorial with two levels of UV-B radiation and two levels of EDU with replication in time; there were five samples per treatment for each experiment. The four resultant treatments were: 1) Control (no UV, no EDU); 2) EDU treatment ( -UV-B/ + EDU); 3) UV-B treatment ( + UV-B/ -EDU); and 4) combined + UV-B/ + EDU treatment ( + UV-B/ + EDU). The data were analyzed using Systat 5.01 (SYSTAT, Inc., Evanston, IL, USA) for spectral emission data and photosynthetic pigments and PC SAS 6.11 (SAS Institute, Inc., Cary, NC, USA) for UV absorbing compounds and growth responses. The effects of EDU and UV-B treatments and their interactions were evaluated for growth responses, pigment content, and fluorescence emissions. Results are reported below for means and standard errors of the mean (x ± SE) of select groups.
Results
Growth measurements and leaf injury
Relative leaf area (RLA) and rate of leaf expansion after 34 and 72 h were significantly reduced by UV-B exposure (Table  1) . Absolute leaf area of the third leaf at the end of the experiment was 37 or 47 % less (P ≤ 0.001), respectively, in UV-B versus non-UV treated plants, regardless of EDU (Table 2 ). In cucumber plants exposed to UV-B radiation, the third leaf also showed a prominent wrinkling of the lamina and typical chlorotic spots. RLA, rate of leaf expansion, and absolute leaf area were all unaffected by EDU (either prior to, or after UV-B exposure) (Tables 1, 2) , and there was no apparent foliar injury caused by EDU.
Photosynthetic pigments and UV-B absorbing compounds
Pigment concentration data are summarized in Table 2 . UV-B radiation induced an 8-10 % decrease in concentration of chlorophyll a and total chlorophyll, regardless of EDU. Chlorophyll b concentration decreases only occurred in plants receiving the combined UV-B/EDU-treatment. UV-B treatment significantly reduced (P ≤ 0.002) the chlorophyll a/b ratio, but the chlorophyll/carotenoid ratio was only reduced in the combined UV-B/EDU treatment. UV-B treated plants (in the absence of EDU) showed a significant increase in absorbance at 300 nm, when expressed on a leaf area basis. A significant EDU × UV-B interaction was observed at both 300 nm ( Table Table 1 2) and at 330 nm (data not shown). Neither UV-B nor EDU had any effect on carotenoid concentration (data not shown). Although UV-B absorbing compounds often increase after UV-B exposure, a documented plant defense mechanism (Mirecki and Teramura 1984) , no direct link to fluorescence measurements was observed. The significant EDU × UV-B interaction (Table 2 ) may have confounded attempts to link UV-B absorbing compounds to fluorescence measurements.
Fluorescence measurements
Similar magnitudes in the RFI intensities were obtained for the 280EX and 380EX spectra, with values between ∼1 and 43 × 10 4 (Table 3) . Compared with 380EX, 280EX emissions were almost twice as great in the blue and more than three times as great in the green region. The relative values per band obtained by the FIS for the FImage cannot be directly compared with those acquired by the spectrofluorometer, due to different gain settings and instrument characteristics. However, substantial differences in spectral responses among the measurement types were expressed in the fluorescence ratios (Table 3) . UV-B irradiation had a pronounced effect on the spatial distribution of the fluorescence emissions; this is illustrated in the green band (F550 FImage ) and in the red band (F680 FImage ) (Fig. 2) . In addition, FImages of UV-B irradiated leaves showed much greater heterogeneity in pixel intensity (RFI) than those of unirradiated leaves, (see dotted horizontal line in Fig. 2 b) . This was true for both EDU and non-EDU treated plants (see dotted vertical lines in Fig. 2 a and b) and for both the green (F550 FImage ) and red (F680 FImage ) bands. The large variation in RFI observed in the interveinal regions in the red band may indicate heterogenous states in the photosynthetic apparatus that could be due to localized differences in chlorophyll concentration and photosynthetic rate within the leaf fol- lowing UV-B exposure. These plots of variations in RFI are significant since they reveal information that would otherwise be masked by examining only mean values for RFI. The bright tips of the leaves are an artifact, and may reflect an accumulation of substances that fluoresce when excited by UV-A radiation. The margins of cucumber leaves are typically lighter green in color even in the absence of UV radiation. The spatial differences in fluorescence emission in cucumber leaves following UV-B exposure are in contrast to findings that we have obtained in soybean (D. T. Krizek, M. S. Kim, E. M. Middleton, and R. K. Sandhu, unpublished results, 1996) . In soybean, leaves of UV-B irradiated plants showed a uniform decrease in RFI when excited at 360 nm. These findings suggest that differences in flavonoids and other UV-B absorbing compounds may be partly responsible.
Spectral correlations
The RFI measured at red and far-red wavelengths were highly correlated (r ≥ 0.95) within each of the FImage and the 380EX data sets (Table 4 , Section I). Also, RFI measured at blue and green wavelengths were highly correlated within both the FImage (r = 0.93) data and the 380EX (r = 0.90) spectra. This indicates that red and far-red RFI provide similar information, as do blue and green RFI, within each of the FImage and 380EX data sets.
However, neither the red, the far-red, nor the green RFI were correlated between FImage and 380EX data sets (Table  4 , Section II). For example, the red fluorescence of images (F680 FImage ) of whole leaf adaxial surfaces was unrelated to comparable red 380EX fluorescence (F675 380EX ) of leaf tissue extracts. A similar lack of correlation was observed for the far-red bands, F740 FImage vs. F730 380EX , and the green bands, F550 FImage vs. F525 380EX . This indicates that red, far-red, and green RFI measured by FImage and 380EX conveyed altogether different information about leaf characteristics. Only in the blue spectrum was similarity between RFI of FImage and 380EX measurements apparent: RFI for F450 FImage and F450 380EX were correlated (r = 0.54; Table 4), indicating overlap in information content between these two measurements.
For 280EX data, only the green and blue RFI could be evaluated relative to comparability with FImage and 380EX measurements (red, far-red RFI were not acquired from excitation at 280 nm, shown in Fig. 1 ). RFI for FImage and 280EX were correlated in both the green (r = 0.61) and blue (r = 0.79) spectral regions (Table 4 , Fig. 3 A, B) , although RFI were unrelated in the comparable green band of FImage and 380EX. Consistent with this finding, RFI from extracts for 380EX and 280EX were uncorrelated in either the green or blue bands (Table 3, Fig. 3 A, B) . Within the 280EX spectra, green and blue RFIs were correlated (r = 0.77), although not as strongly as was shown above for FImage and 380EX data (Table 4) . Together, these results indicate that all measurement types (FImage, 280EX, and 380EX) measured similar leaf characteristics in the blue spectrum, and that similar leaf characteristics were captured in the green spectra by FImage and 280EX. RFI in the green and longer wavelength spectral regions of 380EX data were associated with different leaf tissue processes.
Experimental treatments
RFI differences associated with experimental treatments were most apparent in the blue spectrum for the FImage and the 280EX (Fig. 4 A, B) but not for the 380EX (Fig. 4 C) . F450 FImage provided the greatest separation of treatments, with a clearly augmented response for the two UV-B treatments (Fig. 4 A) . Foliar F450 FImage was highest from plants that received the combined UV-B/EDU treatment (Fig. 4 A) . In 280EX spectra, an enhanced UV-induced fluorescence (P ≤ 0.000, r 2 = 0.46) was also expressed at F450 280EX (Fig. 4 B) . In the 380EX data, however, apparently higher values for F450 380EX were non-significant (Fig. 4 C) . When RFI was averaged over the major portion of the adaxial leaf surface, no treatment differences were apparent in the green, red, or far-red FImage bands (data not shown). In 380EX spectra, significant UV-B effects were detected at these additional wavelengths: increased RFI for F435 380EX and F525 380EX (P = 0.040 and P = 0.021, respectively); decreased RFI for F675 380EX (P = 0.044) and F730 380EX (P = 0.039). No EDU effects on RFI or spectral ratios were observed for 380EX emission spectra. The only significant EDU effect for 280EX was observed in increased RFI for F315 280EX (P = 0.018) in the presence of UV-B.
Success in separating treatments was achieved with fluorescence ratios in all data types (FImage, 380EX, and 280EX). In both the FImage and 380EX data sets, values significantly higher than controls were obtained for the combined UV-B/EDU treatment with blue/far-red fluorescence ratios (Fig. 5 A, B) : F450/F740 FImage and F450/F730 380EX , respectively. The blue/green ratio of FImage was also significantly reduced (r 2 = 0.37) in the combined UV-B/EDU treatment, but treatment effects were non-significant in the comparable blue/green ratios from 280EX and 380EX.
UV-B effects were also clearly expressed in reductions of the red/green fluorescence ratios of both FImage (P = 0.05, r 2 = 0.59) and 380EX (P = 0.002, r 2 = 27) data; these red/green ratios are F680/F550 FImage and F675/F525 380EX , respectively (Fig. 6) . In 280EX spectra, UV-B effects were strongly exhibited in reductions (P ≤ 0.000, r 2 = 0.60) of a UV/blue fluorescence ratio, F315/F420 280EX (Fig. 7A) . This F315/F420 280EX ratio was inversely proportional (r 2 = 0.45) to total photosynthetic pigment content (Fig. 7B) , with separate curves necessary for the UV-B and non UV-B treatments (UV-B < no UV-B).
No treatment effects were detected in the far-red/red fluorescence ratio F730/F675 380EX . The far-red/red ratio, F740/ F680 FImage , was enhanced, however, in the combined UV-B/EDU group in images. Neither far-red/red ratio could be related to chlorophyll content.
Discussion
Our study illustrates the feasibility of using a high resolution fluorescence imaging system (FIS) for non-destructive analysis of UV-B effects and fluorescence emission spectral data from DMSO extracts to get a more complete analysis of foliar stress damage. These two fluorescence measurement techniques are complementary with one another. The FIS was used to obtain fluorescence patterns across the entire leaf surface at selected wavelengths (blue, green, red, and farred), whereas emission spectra obtained by excitation at 280 and 380 nm provided averaged fluorescence values over a large and continuous spectral range of subsamples (e.g., leaf discs). Our UV-B results are consistent with findings reported by Middleton et al. (1996) . These investigators obtained good agreement with a spectrofluorometer in distinguishing UV-B effects in fresh leaves and 380EX of leaf extracts, although whole leaf responses were too variable to determine significant differences. In our study, only FImage measurements were taken on fresh leaves to determine UV-B radiation effects.
The success of the blue/far-red (F450/F730) fluorescence ratio as a reliable indicator of UV-B damage in our study agrees with results previously reported by Middleton et al. (1996) and Subhash et al. (1995) . Several workers , Middleton et al. 1996 have suggested that this increase in the blue/far-red ratio may be caused by enhanced production of a blue fluorescing compound found to accumulate after UV-B induced degradation of rubisco. There is compelling evidence that the blue fluorescence band may be associated with certain cofactors of plant metabolism, pyridine and flavine nucleotides, e.g. water soluble reduced nicotinamide-adenine dinucleotide phosphate (NADPH), vitamin K 1 , and xanthophyll (Cerovic et al. 1993 , Chappelle et al. 1991 . The prominence in the images of blue and green fluorescence in the veins (Fig. 2) may be due to the presence of plant phenolic compounds (e.g., hydroxy cinnamic acids, flavonols etc.) , Stober et al. 1994 . The relatively higher red and far-red fluorescence observed in images of intercostal regions of the leaves is consistent with previous studies (Lichtenthaler 1996) .
Many target sites of UV-B radiation have been reported (see e.g., Bornman et al. 1994 , Tevini 1993 and references therein). The general consensus is that PS II is much more sensitive to UV-B radiation than is PS I (Middleton and Teramura 1994) . Measurements of variable fluorescence as a measure of PS II activity, indicate that PS II activity is decreased by UV-B (Tevini et al. 1988) . Under artificial or solar UV-B radiation, F max is also decreased while F o is increased (Tevini et al. 1988) . UV-B treatment alone, or in combination with EDU, produced a significant reduction in the red/green fluorescence ratios of either images or 380EX emission spectra. The similar responses expressed by experimental treatments with the red/green fluorescence ratios obtained by either fluorescence imaging or by 380EX data support the validity of the imaging technique as a non-destructive diagnostic tool for assessing UV-B damage in plants. We suggest that the red/green ratio may be as useful an indicator of UV-B radiation stress as the previously identified blue/far-red (F450/F730) fluorescence ratio.
The agreement between the FImage and 280EX measurements in the blue and green spectra, not seen between FImage and 380EX, requires some additional explanation. Typically, RFI of 380EX for cucumber leaves in the blue and green wavelengths was 3 -20 times lower than that in the red and far-red (Table 3) . However, RFI from 280EX for F450 and F525 of cucumber leaves were 156 % and 374 % higher, respectively (Table 3) , than comparable wavelengths of 380EX. The magnitude of all RFI from FImage exceeded those of 280EX and 380EX by a substantial amount (Table 3) .
Another factor to be considered is the amount of biologically effective UV radiation that might have been emitted by the 280 nm excitation source of the 280EX and the FIS; the latter emits a wide excitation band (300 -400 nm) that includes UV-B BE which diminishes between 300 -320 nm. At this time, spectroradiometric measurements have been made of the 280EX source but not of the FIS source. The 280 nm source was found to emit 320.6 mW m -2 of biologically effective UV radiation from 260 -320 nm. As might be expected, the amount of UV-B BE emitted by the 380EX source was negligible. It would seem likely that the relatively highly energetic blue and green emissions captured by FImage, and most associated with leaf veins, were stimulated by the UV-B and UV-A excitation wavelengths that penetrated the epidermis. In contrast, the red and far-red emissions (indicative of chlorophyll) captured by FImage in the interveinal regions were most likely associated with the epidermal layer and upper mesophyll tissue, but not the full tissue profile, due to the lower resonance energy at these longer wavelengths. Therefore, 380EX RFI for the extracts which included compounds from the full tissue profile might be expected to differ from images in the longer wavelengths, as observed. However, the UV-B induced reduction in chlorophyll that we obtained was not reflected in the far-red/red fluorescence ratios in either the 380EX measurement of extracts or the images of whole leaves, even though several reports have indicated that this ratio is a useful stress indicator of in vivo chlorophyll content (D'Ambrosio et al. 1992 .
Our results are consistent with those of Subhash et al. (1995) , who also found no significant change in the related F685/F730 ratio following UV treatment of Salvia splendens. In our current study, photosynthetic pigment content was, instead, correlated with the UV/blue (F315/F420) ratio of 280EX measurements. UV-B altered this pigment vs. UV/blue relationship (Fig. 7 B) , producing relatively lower emissions at wavelengths associated with protein fluorescence (315 nm) compared with blue-fluorescing compounds at 420 nm. These results suggest that UV-B exposure caused a shift in the relative production or maintenance of leaf compounds associated with the synthesis or recycling of chlorophyll.
The decrease in chlorophyll a/b ratio when cucumber plants were irradiated with UV-B radiation is consistent with results obtained for Brassica napus L. by Larsson et al. (1998) . They suggested that this may have been due to a faster breakdown or decreased synthesis of chlorophyll a as compared to chlorophyll b, although chlorophyll b also decreased. Although UV-B radiation often has a negative effect on chlorophyll concentration (Strid and Porra 1992) , Larsson et al. (1998) observed no effect of UV-B radiation on chlorophyll a or chlorophyll b concentration. In our study, we observed a decrease in chlorophyll a concentration under UV-B irradiation but no effect on chlorophyll b concentration. The combined UV-B/EDU treatment, however, significantly reduced the concentration of chlorophyll a, chlorophyll b, total photosynthetic pigments, and the chlorophyll/carotenoid ratio.
